We assessed the genetic variability of the eastern spotted skunk (Spilogale putorius) throughout the range of the species, with an emphasis on the potentially endangered plains spotted skunk subspecies (S. p. interrupta). Tissue samples from a variety of sources including field surveys, state agencies, and museum tissue collections allowed a detailed assessment of the genetic variability in S. putorius using both microsatellite markers and cytochrome b (Cytb) gene sequences. Our analysis of 118 specimens established that genetic patterns were consistent with the currently accepted taxonomy of the 3 recognized subspecies: S. p. putorius, S. p. ambarvalis, and S. p. interrupta. The differentiation between S. p. putorius and S. p. ambarvalis was less pronounced (F ST = 0.178; Cytb sequence divergence = 1.2%) than between these subspecies and the plains spotted skunk (average F ST = 0.278; Cytb sequence divergence = 2.9%). Overall, genetic variability in the plains spotted skunk was lower than that seen in common carnivores (e.g., striped skunks, Mephitis mephitis, and raccoons, Procyon lotor), but slightly higher than in the endangered black-footed ferret (Mustela nigripes). The heterozygosity levels more closely resemble those found within the island spotted skunk (S. gracilis amphiala) from the Channel Islands of California and other vertebrates that have a "threatened" conservation status.
The eastern spotted skunk, Spilogale putorius, is an uncommon mesocarnivore native to the central and eastern United States with a geographic range extending from Tamaulipas, Mexico, to southern Pennsylvania, and an east-west distribution from the Continental Divide to southern Florida (Kinlaw 1995) . Three subspecies of the eastern spotted skunk are currently recognized ( Fig. 1) : the plains spotted skunk (S. p. interrupta), the Appalachian spotted skunk (S. p. putorius), and the Florida spotted skunk (S. p. ambarvalis). Morphologically, all 3 subspecies retain the same pelage striping pattern, yet differences in the width of these stripes, and therefore the relative ratio of black to white serve to differentiate them (Van Gelder 1959) . Specifically, the plains subspecies exhibits the least amount of white overall, as noted by the thinner white dorsal and shoulder stripes, a smaller, triangular forehead patch, and the reduction or absence of white hairs present in the distal tip of the tail in comparison to the Appalachian and Florida subspecies (Van Gelder 1959) . In addition, adult males of the Florida subspecies attain the smallest average weight (400 g), in comparison to adult males of the Appalachian (600 g) and plains (660 g) subspecies (Van Gelder 1959) . A sister species to the eastern spotted skunk, the western spotted skunk (S. gracilis), rarely occurs in sympatry with S. putorius, and can be differentiated from S. putorius by its occupation of the western United States, average smaller size, differences in the striping pattern, and presence of delayed implantation (Verts et al. 2001) .
The fluctuating nature and overall decline of eastern spotted skunk populations over the past century has prompted concern over their conservation status. Although there is no strict consensus on the cause of this species decline, possible contributors include overharvesting in the fur trade (annual multistate harvests > 100,000 individuals), large-scale changes in agricultural practices that occurred throughout the 20th century, disease, pesticide use, and altered predator guilds (Gompper and Hackett 2005; Gompper 2017 ). For example, the modernization of farming methods served to reduce habitat and prey availability, as dilapidated farm buildings, fence rows, creek bottoms, and wood piles, habitats historically abundant with spotted skunks, were cleared for industrial farming purposes (Crabb 1948; Kaplan and Mead 1991; Gompper and Hackett 2005) . In response to the documented population declines and lack of sightings, the International Union for Conservation of Nature (IUCN) now regards the eastern spotted skunk as vulnerable (Gompper and Jachowski 2016) , and the U.S. Fish and Wildlife Service is currently considering the plains spotted skunk for listing as federally endangered (USFWS Federal Register 2012) . At the state level, the eastern spotted skunk is considered endangered, threatened, imperiled, or as a species of greatest conservation need in many states throughout its range (ESSCSG 2017) .
Despite numerous federal and state-level conservation status designations for the eastern spotted skunk and the plains subspecies in particular, there remains an absence of genetic data for the entire species. Within Spilogale, cross-species microsatellites have been utilized by Floyd et al. (2011) to determine genetic differentiation within and among mainland subspecies of western spotted skunks (S. gracilis) and island spotted skunks (S. g. amphiala) . Additionally, Jones et al. (2013) used microsatellites to determine the spatial and genetic organization of the island spotted skunk. In fact, except for testing striped skunk (Mephitis mephitis) microsatellite primers for crossspecies amplification with S. putorius (Dragoo et al. 2009 ), no molecular markers have been used to analyze the genetic diversity of eastern spotted skunks. Genetic data serve an important role within the field of conservation biology, as an analysis of genetic markers can identify distinct populations or subspecies and can elucidate the levels of genetic variability within those groups. As increased genetic diversity confers adaptive advantages to a species (Markert et al. 2010) , it is therefore a critical component to consider when drafting conservation strategies (Lacy 1997) . Additionally, although morphologic, geographic, or taxonomic differences can correlate well with genetic patterns (e.g., Steppan 1998; Taylor and Hellberg 2006; Phillips et al. 2009; Thinh et al. 2011) , discordance among these variables is also common (e.g., Burbrink et al. 2000; Zink 2015; Trujillo and Hoffman 2016; Walsh et al. 2017) . Therefore, a genetic validation of the designations of the 3 eastern spotted skunk subspecies would be informative for conservation and From small to large, circles represent sample sizes of n = 1, n = 2-3, n = 4-5, n = 9-12, and n = 27. Subspecies ranges are outlined in black and are crosshatched according to the respective subspecies. management purposes, as the current subspecies taxonomy is solely based on morphological characteristics (Van Gelder 1959) . We used cytochrome b (Cytb) gene sequences and microsatellite markers to: 1) test the validity of the 3 eastern spotted skunk subspecies, 2) determine the level of genetic variability within the plains spotted skunk, and 3) compare the levels of genetic variability within the plains subspecies to that of the Appalachian and Florida subspecies.
Materials and Methods
Sample collection (plains spotted skunk).-From October 2015 to January 2017, we conducted field surveys for the plains spotted skunk throughout the state of Texas. Ten counties were surveyed (Burleson, Calhoun, Coryell, Harris, Kleberg, Navarro, Tarrant, Waller, Wichita, and Wise counties), with sampling lasting 7 days at each location. We anesthetized (10 mg/kg dose of ketamine) livetrapped individuals (Tomahawk Live Trap, Hazelhurst, Wisconsin) in order to acquire a 2-mm ear clip from the distal tip of the pinna for genetic analysis (Talbot et al. 2012; Jones et al. 2013) . Ear clips were stored in liquid nitrogen until they could be transferred to a −80°C freezer for long-term storage. Our methods were consistent with the guidelines of the American Society of Mammalogists for the use of wild animals in research (Sikes et al. 2016) , and all sampling protocols were approved by the Angelo State University Institutional Animal Care and Use Committee . To increase the sample size and geographic breadth for the plains spotted skunk, we also sampled bone and claw fragments from historical museum specimens prepared more than 100 years ago at the National Museum of Natural History (USNM).
Sample collection (all subspecies).-To supplement the number of skunks collected by field surveys, and to obtain tissue from the Appalachian and Florida subspecies, genetic material from all eastern spotted skunk subspecies were acquired using a variety of methods. Frozen tissues were loaned from museum collections, and we harvested tissues from road-killed animals and carcasses salvaged from fur trappers (Supplementary Data SD1). In addition, dried ear clips and hair samples from non-vouchered specimens were donated by researchers throughout the United States (Supplementary Data SD1). Ear clips were frozen at −80°C once received, whereas hair samples remained stored at room temperature in an air-tight container containing silica desiccant.
Laboratory methods.-For modern specimens, genomic DNA from non-hair samples was extracted using the QIAGEN DNeasy Blood & Tissue kit (QIAGEN Inc., Valencia, California) following the manufacturer's protocol. DNA from hair follicles was extracted using the QIAGEN kit following the modifications outlined in Iudica et al. (2001) or with InstaGene matrix (Bio-Rad Inc., Hercules, California) following the Chelex protocols of Suenaga and Nakamura (2005) , with the exception that 10 hairs, instead of 2, were utilized per extraction. All DNA extracts from modern specimens were quantified on a Qubit 1.0 fluorometer (Invitrogen Corp., Carlsbad, California).
Claws, skull fragments, or turbinal bones from historical museum specimens at USNM were extracted in an ancient DNA designated laboratory within the Center for Conservation Genomics, National Zoological Park, Smithsonian Institution, Washington, DC. Before removing claws from study skins, a 1% bleach solution was used to wipe the exterior of the claw followed by a rinse with sterile water. Material from the claw was removed by slowly drilling the base with a 1.59-mm (1/16-inch) drill bit or the claw was carved with a sterile scalpel blade and placed in sterile centrifuge tubes. Prior to extraction, bone fragments were exposed to UV light for 5 min to remove exogenous DNA from the surface and were incubated for 24 h in EDTA to promote calcium breakdown. Claw and bone fragments were extracted using a silica-based method (Yang et al. 1998 ) and followed protocols of McDonough et al. (2018) . A negative control was included in the extraction process to evaluate contamination.
We performed library preparation for the 9 historical specimens following Lissovsky et al. (2017) . After indexing PCR, hybridization capture of the mitochondrial DNA was performed following the methods in Hawkins et al. (2016) utilizing a custom bait set for mammalian mitochondria genomes that included baits constructed from GenBank mitochondrial genome S. putorius NC010497. These samples were pooled with individuals from other projects and run on an Illumina MiSeq (Illumina, Inc., San Diego, California).
The mitochondrial Cytb gene for modern specimens was amplified using universal primers LGL765 and LGL766 (Bickham et al. 1995) . Total reaction volume was 12.5 μl and contained 30-60 ng of DNA, 1 U of Taq DNA polymerase (New England BioLabs Inc., Ipswich, Massachusetts), 0.16 mM of each deoxynucleoside triphosphate (Thermo Fisher Scientific Inc., Waltham, Massachusetts), 1× Standard Taq Reaction Buffer (New England BioLabs Inc.), 1 mM MgCl 2 , and 0.16 µM of each primer (Alpha DNA, Montreal, Quebec, Canada). Cytb was amplified with the following thermal profile: 1 cycle at 94°C for 2 min, 35 cycles at 95°C, 52°C, and 72°C each for 1 min, and a final extension step for 5 min at 72°C. PCR products were visualized on agarose gels and treated with ExoSAP-IT Express (Applied Biosystems, Foster City, California) prior to Sanger sequencing of both the forward and reverse amplicons at Genomics Core Lab, Texas A&M Corpus Christi.
A total of 16 cross-species microsatellite loci were amplified using primers originally developed for closely related mephitids and mustelids (Supplementary Data SD2; Bijlsma et al. 2000; Beheler et al. 2004; Dragoo et al. 2009; MunguiaVega et al. 2009; Floyd et al. 2011) . Each locus was optimized for use in eastern spotted skunks by altering reaction and thermocycling parameters when necessary (Supplementary Data SD3). Microsatellite PCR was conducted only for modern specimens in 10 or 25 μl reaction volumes and contained 5-50 ng DNA, 0.25 μM forward dye-labeled primer (SigmaAldrich Corp., St. Louis, Missouri), 0.25 μM reverse primer (Alpha DNA), 1.5 mM MgCl 2 , 0.20 mM of each deoxynucleoside triphosphate (Thermo Fisher Scientific Inc.), 1× Standard Taq Reaction Buffer (New England BioLabs Inc.), 0.4 U Taq DNA Polymerase (New England BioLabs Inc.), and deionized water as necessary to meet final reaction volumes.
JOURNAL OF MAMMALOGY
The only exception was for locus Meph42-25, whereby MgCl 2 was increased to 3 mM. Dye-labeled PCR products were genotyped on a capillary electrophoretic genetic analysis system (CEQ 8000, Beckman-Coulter Inc., Brea, California) and were scored by eye using the 400 bp GenomeLab DNA Size Standard Kit (AB Sciex, Concord, Ontario, Canada) as reference. To mitigate the presence of scoring errors in the final data set and to reduce their negative effects in downstream analyses, approximately 25% of tissue samples and 35% of hair samples were reamplified and analyzed, in addition to approximately 20% of all samples analyzed being scored more than once to ensure consistent genotype calls (DeWoody et al. 2006) .
Mitochondrial Cytb analysis.-For modern samples, both forward and reverse sequences were used to create a single consensus sequence for each individual in Sequencher v 5.1 (Gene Codes Corporation, Ann Arbor, Michigan). For historical museum samples, forward and reverse reads were merged with PEAR v 0.9.4 (Zhang et al. 2014 ) and adapter sequences were removed with TrimGalore v 0.4.3 (Krueger 2015) . Sequences were quality filtered with PRINSEQ-lite v 0.20.4 (Schmieder and Edwards 2011) by removing reads with mean quality scores below 20 (-min_qual_mean 20), exact duplicates, and 5′ duplicates (-derep 124). We mapped the cleaned reads to the mitochondrial genome of S. putorius NC010497 using bwa-mem (Li 2013) . The .bam reads and reference mitochondrial genome were imported into Geneious v 8.1.7 (Kearse et al. 2012) where the final alignment was evaluated by eye, the Cytb gene region was exported, and a final sequence alignment for all individuals was created using the Geneious algorithm.
Maximum likelihood (ML) analyses were performed using the model of nucleotide substitution as selected by the automatic model selection and Akaike's information criterion in PhyML 3.0 (Guindon et al 2010) . We used default parameters including BIONJ start tree and branch support using the fast likelihood-based aLRT SH-like method. Outgroup taxa included GenBank sequences (KY679943, KY679960, KY679973, KY679984, KY679985, KY679992, KY679996, KY679999) representing each of the major clades of western spotted skunk identified by Ferguson et al. (2017) , the pygmy spotted skunk (KY680009), and other mephitids: Conepatus leuconotus (KY680008), M. mephitis (KY680010), and Mydaus javanensis (AB564095). Additionally, we generated a phylogeny using Bayesian inference in MrBayes 3.2.2 (Ronquist et al. 2012) within the CIPRES Science Gateway (Miller et al. 2010) . We used an equal Dirichlet prior distribution (1.0, 1.0, 1.0, 1.0). Two Markov chain Monte Carlo (MCMC) chains were run for 10 million generations, sampling trees every 100 iterations with a burn-in of 10,000 trees. We generated a median-joining haplotype network using PopART (Leigh and Bryant 2015) . Average sequence divergences (Kimura 2-parameter [K2P] distances) were calculated in MEGA7 between Spilogale species and among eastern spotted skunk subspecies (Kumar et al. 2016 ). All S. putorius sequence data were deposited in GenBank (MG753572-MG753656).
Microsatellite analysis of genetic variability and structure.-The program FreeNA was used to determine the frequency of null alleles for all loci and populations in the data set (50,000 iterations-Chapuis and Estoup 2007). Scoring errors due to stutter and large-allele dropout were assessed with MicroChecker v 2.2.3 (van Oosterhout et al. 2004 ). Tests for HardyWeinberg equilibrium and genotypic disequilibrium between loci were conducted using the Markov chain approximation (dememorization: 10,000; batches: 1,000; iterations per batch: 10,000) in GENEPOP v 4.5.1 (Raymond and Rousset 1995). P-values were adjusted for multiple pairwise comparisons using a Bonferroni correction in R (R Core Team 2016). GenAlEx v 6.5 Smouse 2006, 2012) was used to assess levels of genetic variation including the mean number of alleles per locus (N A ), observed (H O ) and expected heterozygosities (H E ), and the number of private alleles (N P ) within each subspecies. Allelic richness (AR) was calculated using FSTAT v 2.9.3 (Goudet 1995). Differences in genetic diversity among subspecies were determined using randomized t-tests in R (R Core Team 2016) and resulting P-values were adjusted using a Bonferroni correction.
The program STRUCTURE v 2.3.4 (Pritchard et al. 2000 ) was used to determine the presence of genetic clusters within the eastern spotted skunk. Using the admixture model and correlated allele frequencies, 10 independent runs were performed at each assumed population number (K = 1-10). No putative population origin information was provided a priori. The length of the burn-in period and number of MCMC iterations postburn-in were set to 100,000 and 1,000,000, respectively. To determine the optimum number of genetic clusters present, ΔK was calculated using STRUCTURE HARVESTER v 0.6.94 (Earl and vonHoldt 2012) , following the recommendation by Evanno et al. (2005) . CLUMPP v 1.1.2 was used to average individual membership coefficients from the 10 replicate STRUCTURE runs at the specified ΔK using the FullSearch algorithm (Jakobsson and Rosenberg 2007) . Finally, we used the R package pophelper (Francis 2017) to generate graphical displays of individual membership. To further examine the presence of genetic structure, a principal coordinates analysis (PCoA) was conducted in GenAlEx v 6.5 Smouse 2006, 2012) , with the input being a distance table (Smouse and Peakall 1999 ) generated from the final genotypic data. A permutational multivariate analysis of variance (PERMANOVA; n = 9,999 permutations) was used to determine the significance of the PCoA clusters using the adonis function within the vegan package (Oksanen et al. 2017) 
in R (R Core Team 2016).
The degree of genetic differentiation among subspecies was assessed by calculating pairwise F ST values (n = 10,000 replicates) using the ENA (excluding null alleles) correction method by Chapuis and Estoup (2007) in FreeNA. Null alleles, or the non-amplification of alleles due to sources such as mutation in the flanking region (primer sequence) or low-quality DNA templates, can positively bias F ST values, as they generally function to reduce within-population diversity. The correction method implemented by FreeNA (Chapuis and Estoup 2007) has been shown to effectively correct for this positive bias that could result in the presence of null alleles. Rates of gene flow among subspecies were determined from Nm, the product of the effective population sizes (N) and the rate of migration (m) between them, using Wright's (1984) estimator: Nm = (1/F ST − 1)/4. Additionally, 2-way Mantel tests were performed in R (R Core Team 2016) using the package ade4 (Dray and Dufour 2007) to determine if genetic isolation by distance was present within each subspecies.
results
Sample collection.-Field efforts led to the live capture of 6 plains spotted skunks from Coryell (n = 1), Harris (n = 3), and Waller (n = 2) counties in Texas. All other acquired samples were obtained through tissue loans or donations (n = 99), by salvaging road-killed animals (n = 8), or from fur trapper harvests (n = 5). In total, this study included 118 individuals representing all 3 subspecies ( Fig. 1) : the plains spotted skunk (n = 63), the Appalachian spotted skunk (n = 27), and the Florida spotted skunk (n = 28). Of these 118 samples, 64 were analyzed using microsatellites and Cytb sequences, 33 by microsatellites only, and 21 by Cytb sequences only. Although hair samples from non-permanently marked individuals represented much of the Florida spotted skunk sample, all proved to be unique individuals based on genotype scores.
Phylogenetic analysis of Cytb.-A total of 85 sequences representing S. putorius were generated from the Cytb gene and included in the analysis, in addition to 13 outgroup taxa downloaded from GenBank. The final alignment included 1,072 base pairs from 7 Florida spotted skunks, 20 Appalachian spotted skunks, and 58 plains spotted skunks. The ML tree was generated using the GTR+G model (alpha = 0.348, log-likelihood score = −5516.0475). The plains subspecies formed a monophyletic lineage with high bootstrap (BS) and Bayesian posterior probability (BPP) support (94% and 1, respectively; Fig. 4 ). Within this subspecies, a general pattern emerged whereby individuals from the southern gulf coastal plains of Texas formed a monophyletic group, separate from all other plains spotted skunks, with the exception that 2 individuals (ASK12693 and ASK11873) from the central and northern regions of the state were included in this cluster. Despite the apparent substructure in this subspecies, nodal support values were not significant (i.e., BS ≤ 95%, BPP ≤ 0.95) for this arrangement. The Appalachian and Florida subspecies formed a single lineage with high support (BS = 97% and BPP = 1), but there was not significant nodal support for the monophyletic grouping of the Florida subspecies. Phylogenetic estimates using Bayesian inference yielded a similar tree topology (data not shown). A total of 27 haplotypes were observed in the Cytb data set. Similar to the phylogenetic trees, the median-joining haplotype network revealed 2 major clusters (i.e., plains subspecies and Appalachian + Florida subspecies) separated by 9 mutational steps (Fig. 4) . The plains spotted skunk contained 3 haplogroups: SPI-1 (Arkansas, Kansas, and central and northern Texas), SPI-2 (Iowa, Nebraska, and South Dakota), and SPI-3 (Coastal Texas). A majority of the historical plains spotted skunk specimens (6 of 9) shared mitochondrial haplotypes with contemporary populations. A single haplogroup was observed for the Appalachian spotted skunks and a single, diverse haplogroup was also observed for the Florida spotted skunks (Fig. 3) . Average sequence divergence (K2P) based on the Cytb gene was 9.8% between S. putorius and the outgroup S. gracilis. The plains subspecies was 2.9% divergent from individuals in the Appalachian-Florida clade. The Appalachian and Florida subspecies were an average of 1.2% divergent.
Microsatellite variation.-From an initial set of 26 microsatellite markers originally developed for the striped skunk (Dragoo et al. 2009; Munguia-Vega et al. 2009 ), Eurasian badger (Bijlsma et al. 2000) , and North American river otter (Beheler et al. 2004; Floyd et al. 2011) , only 16 successfully amplified in Spilogale. With the exclusion of 5 monomorphic loci (Meme77, Meme82, Meme84, Meme88, and Meph22-89), the final genotypic data set contained 97 individuals analyzed across 11 microsatellite loci (Supplementary Data SD1) . The genotyping error rate for non-hair samples was approximately 1.50% and 2.30% for hair samples. All but 1 genotyping error was attributed to a single locus, Meph22-16, for hair samples. These error percentages are unlikely to affect conclusions relating to genetic diversity or structure, as it has been shown that estimates of H E , F ST , and structure remain unbiased, even in the presence of high (> 30%) genotyping error rates, when n > 10 individuals per population (Smith and Wang 2014) . The entire data set contained 1.12% missing data, well below the maximum 20% suggested by Smith and Wang (2014) for the purposes of accurately examining population genetics.
Two microsatellite loci distinguished eastern spotted skunk subspecies. Locus Meme20 was perhaps the least informative marker with respect to its mean number of alleles (N A = 1.33) and heterozygosity levels (average H O = 0.029); however, it differentiated the plains subspecies from both the Appalachian and Florida subspecies as the plains subspecies was dimorphic at this locus while the Appalachian and Florida subspecies were monomorphic. Conversely, locus Meph22-14 was nearly monomorphic within the plains subspecies (ASK11916 and AWF1090 shared an alternate allele), yet was highly polymorphic within the Appalachian and Florida subspecies.
Null allele frequencies greater than 10% were present within the plains subspecies at locus Meme20 (27.4%) and within all subspecies at locus Meph22-16 (11.3-13.0%). Across all loci and subspecies, the null allele frequency averaged 4.61 ± 0.010% (X ± SE). Scoring errors due to stutter might have affected genotyping of the plains subspecies at loci Meph22-16 and Meph22-26, while evidence of scoring errors due to large-allele dropout were not detected within any subspecies or at any locus. Because evidence of scoring errors due to stutter and high null allele frequencies were not consistently detected at specific loci across subspecies, these loci were retained in further analyses. Significant departure from Hardy-Weinberg equilibrium was present at locus Meph22-16 when all subspecies were pooled (P adj < 0.001; Supplementary Data SD2), and linkage disequilibrium was detected between loci Meme5 and Meph22-70 when subspecies were pooled (P adj < 0.001). The exclusion of these loci did not alter results and were therefore retained in further analyses. Across loci, N A for the 3 subspecies ranged from 4.73 to 6.64, while H O and H E ranged from 0.441 to 0.577 and 0.482 to 0.623, respectively (Table 1) . Genetic diversity, with respect to N A , H O , and H E , was not significantly different among the 3 subspecies (randomized t-test; n = 10,000 iterations; P adj > 0.68 for all comparisons). Private alleles, or alleles present only within a single population (in this case, subspecies), were 3.5 times more abundant within the plains spotted skunk in comparison to the Appalachian or Florida spotted skunks (Table 1) .
Microsatellite structure.-Tests of genetic structure including all 3 subspecies resulted in ΔK = 2 (LnP(K) = −2966.27; SD = 0.36; Fig. 2A ). All individuals belonging to the plains subspecies formed a single cluster, while all individuals belonging to both the Appalachian and Florida subspecies comprised a 2nd cluster (Fig. 2A) . Because STRUCTURE identifies clusters corresponding to the uppermost hierarchical level of structure present (Evanno et al. 2005) , a 2nd STRUCTURE analysis was performed that excluded the plains subspecies to determine if substructure was present between the Appalachian and Florida subspecies. This 2nd analysis resulted in ΔK = 2(LnP(K) = −1356.03; SD = 0.28), with the Appalachian and Florida subspecies forming separate clusters (Fig. 2B) . To ensure we were not missing any additional substructure within these 3 subspecies, structure analyses were performed on each subspecies individually. No further substructure was found within the Appalachian and Florida subspecies, yet additional structure was revealed within the plains subspecies (ΔK = 2; LnP(K) = −1322.91; SD = 1.52; Fig. 2C ). Generally, one of these groups comprised individuals from north Texas to South Dakota, with the second containing central, southern, and coastal Texas individuals. Despite the structural split, the observed F ST value between these groups was low (F ST = 0.071), especially in comparison to the differentiation found among the 3 subspecies. There was a very low degree of admixture among subspecies (Figs. 2A and 2B) with high averaged membership coefficients within subspecies (X ± SE): plains (99.45 ± 0.001%), Appalachian (98.23 ± 0.005%), and Florida (97.90 ± 0.006%).
The PCoA analysis further supported the presence of genetic structure among the 3 subspecies. The 1st axis, explaining 23.24% of the variation present, separated the plains subspecies from both the Appalachian and Florida subspecies (Fig. 3) . The 2nd axis, explaining 10.61% of the variation present, nearly separated the Appalachian and Florida subspecies and subdivided individuals within the plains subspecies, yet no geographical significance could be drawn from this subdivision (Fig. 3) . The PERMANOVA supported statistical significance of subspecies groupings (F 2,94 = 45.19, P < 0.0001).
Corrected estimates of pairwise F ST among subspecies ranged from 0.178 to 0.322 (Table 2) , with the highest degree of differentiation occurring between the plains and Appalachian subspecies, and the lowest degree occurring between the Appalachian and Florida subspecies. Uncorrected estimates of F ST (range: 0.190-0.331) were similar to the ENA corrected estimates, but were inflated slightly, likely due to the presence of null alleles. Rates of gene flow among subspecies were low (Nm range: 0.526-1.155), most notably between the plains and Appalachian subspecies (Nm = 0.526; Table 2 ). An association between geographic and genetic distance was detected within the plains spotted skunk (r = 0.27; P < 0.001) and less strongly in the Florida spotted skunk (r = 0.11; P = 0.02). No isolation by distance was detected in the Appalachian subspecies (r = 0.097; P = 0.20). (Gray 1865) . As many as 14 species and 6 subspecies of spotted skunks were recognized by Howell (1906) , whereas Van Gelder (1959) only identified 2 species, S. putorius (polytypic) and S. pygmaea (monotypic), but did not differentiate between eastern and western forms. Three of the 15 subspecies of S. putorius identified by Van Gelder (1959) are recognized today as subspecies of the eastern spotted skunk: S. p. interrupta, S. p. putorius, and S. p. ambarvalis. Although Van Gelder (1959) only utilized variation in external measurements (i.e., total, tail, and hind foot length), color pattern, and locality to designate subspecies of S. putorius, results from our microsatellite structure analyses are commensurate with the 3 current subspecies designations.
Microsatellite analyses elucidated the presence of genetic structure and differentiation within the eastern spotted skunk, yet not immediately at the subspecies level. The high degree of differentiation the plains spotted skunk shared with both the Appalachian and Florida subspecies might have overshadowed the less-pronounced differentiation between them, thus resulting in 2, instead of 3, genetic clusters. However, the phylogenetic analysis of Cytb revealed the same pattern of nested structure, as the Appalachian and Florida subspecies shared a close relationship when compared to the distinct mitochondrial lineage that contained all members of the plains spotted skunk.
The presence of isolation by distance within S. p. interrupta complicates the interpretation of structure within this subspecies, as Pritchard et al. (2007) and Schwartz and McKelvey (2009) have cautioned against overinterpreting substructure, especially when isolation by distance is an influencing factor. The north-south structural gradation seen with S. p. interrupta is likely an artifact of the sampling scheme; however, the pattern observed does coincide roughly with a previously recognized species divide within Spilogale. Merriam (1890) originally identified 2 species, S. interrupta and S. indianola, both of which are now considered a single form and compose the entirety of S. p. interrupta. Phenotypic differences between these 2 historically recognized species included the greater presence of white in the tip of the tail and a slightly narrower skull for S. indianola (Merriam 1890; Howell 1906 ). Habitat differences also served to differentiate these forms, as S. indianola occurred in coastal prairie habitats along the Texas and Louisiana gulf coasts, whereas S. interrupta was documented in the predominately prairie and savannah states of Arkansas, Nebraska, and Kansas. As the structural divide within S. p. interrupta occurs approximately at the juxtaposition of the coastal prairie and great plains habitats within Texas, it is possible that these 2 clades have achieved secondary contact in an area where these habitats co-occur. The inclusion of specimens from Louisiana would be helpful to better interpret the true nature of this divide; unfortunately, it is believed that S. p. interrupta is extirpated from the entire state (Leberg and Davis 2013) .
Although isolation by distance was present within the plains spotted skunk, the PCoA analysis and Cytb tree were not as adept at picking up this pattern, as individuals from Texas, South Dakota, Arkansas, and Nebraska clustered together with no discernable geographic pattern (Figs. 3 and 4) . Within the Florida subspecies, the presence of isolation by distance was unexpected, as all individuals with the exception of FLMNH31053 were sampled within a small geographic area. The greatest distance separating 2 trapped Florida spotted skunks from Osceola County was only 3.88 km, with an average distance of 1.51 km. As seasonal home ranges for the eastern spotted skunk (which are highly sex and season dependent) have been reported to range from 19 to 1,824 ha (Lesmeister et al. 2009 ), and the correlation coefficient for isolation by distance was weak within this subspecies (r = 0.11), it is possible that isolation by distance does not play a key role in the structure of this subspecies at the scale we sampled. Interestingly, despite all Florida spotted skunk samples deriving from a single population, this subspecies displayed a pattern of genetic variation similar to that observed in the plains and Appalachian subspecies, whose samples originated from as many as 6 states with a distance of > 1,500 km separating individuals.
Genetic diversity.-A comparison of genetic diversity of the plains spotted skunk to other, and perhaps more common, North American mesocarnivores highlights the reduced diversity observed in this subspecies. Observed heterozygosity for the plains spotted skunk averaged 0.474, whereas H O for species and subspecies of the North American badger (Taxidea taxus), striped skunk, and raccoon (Procyon lotor) ranged 0.68-0.84 (Kyle et al. 2004; Barton and Wisely 2012; Brashear et al. 2015; Trujillo and Hoffman 2016) . Allelic comparisons revealed the same pattern, as N A for the plains spotted skunk was 6.64, whereas AR for the striped skunk and mainland Florida raccoons ranged 8. 45-12.88 (Barton and Wisely 2012; Trujillo and Hoffman 2016) . Instead, the genetic diversity of the plains subspecies more closely resembles the levels found within the island spotted skunk (H O : 0.590, AR: 4.5-Floyd et al. 2011) , an insular subspecies of the western spotted skunk restricted to 2 islands within the Channel Island archipelago.
In contrast to the trend of lower genetic diversity observed in S. p. interrupta when compared to more common North American carnivores, the plains subspecies exhibits levels of genetic diversity higher than those reported for endangered carnivores. For example, grassland and shrubland (sub)species such as the San Joaquin kit fox (Vulpes macrotis mutica) and the black-footed ferret (Mustela nigripes) display low measures of genetic diversity due to reductions in population connectivity as a result of habitat alteration. Schwartz et al. (2005) reported on several measures of genetic variability for the San Joaquin kit fox, with N A and H O ranging 2. 65-4.38 and 0.28-0.50, respectively. Cain et al. (2011) determined the allelic diversity for subpopulations of black-footed ferret was 2, with H O ranging from 0.39 to 0.44. In a comparison across vertebrate taxa representing all 6 IUCN conservation ranks, Willoughby et al. (2015) determined that genetic diversity values (H O and AR) were lower in threatened vertebrates, which exhibit some degree of extinction risk, in comparison to species of lesser conservation concern. Given the vulnerable status of the eastern spotted skunk by the IUCN, and that the conservation status of the plains subspecies is currently under review, the lowerthan-average genetic diversity observed within each subspecies conforms to the pattern evidenced by Willoughby et al. (2015) .
Subspecies divergence.-Recent phylogeographic work by Ferguson et al. (2017) revealed that the genus Spilogale diverged from other mephitid lineages approximately 6.53 Ma, with eastern and western spotted skunks sharing a most recent common ancestor about 2.71 Ma. Because it follows that differentiation achieved within S. putorius occurred after its divergence from S. gracilis, the intraspecies divergence observed likely occurred sometime during the Quaternary, as opposed to pre-Pleistocene. Biological communities in North America were affected continent-wide by climate and associated ecological changes resulting from alternating glacial and interglacial periods. Many species retain genetic signatures of isolation due to Quaternary-associated changes and are abundantly reported in the literature (e.g., Hayes and Harrison 1992; Barton and Wisely 2012; Ferguson et al. 2017) . Within Spilogale, the southern United States and Mexico served as refugia during the Wisconsinan glaciation of the Pleistocene (Van Gelder 1959; Ferguson et al. 2017) . Eventual retreat of the ice sheets enabled present-day eastern spotted skunks to extend their range both northward and eastward, with individuals eventually branching east and west of the southern Mississippi River (Van Gelder 1959). Not only did this river serve as a strong isolating barrier, especially during periods of interglacial melt when river volume and width were substantial, but the floodplains and moist lowlands along the river also provided unsuitable habitat for eastern spotted skunks, further restricting gene flow across its banks (Van Gelder 1959) . This divergence at the Mississippi River is congruent with the current subspecies boundary between S. p. interrupta and S. p. putorius, and is a well-documented barrier to gene flow in a variety of taxa Near et al. 2001; Brant and Ortí 2003; Soltis et al. 2006; Brandley et al. 2010) .
The divergence of the Florida spotted skunk from the plains and Appalachian subspecies is less clear, yet fossils indicate the earliest colonization of Florida by spotted skunks occurred in the early Pleistocene (Webb 1974) . Climatic and glacial fluctuations that occurred throughout the Quaternary altered sea levels, with evidence for much of Florida being inundated over several periods from 188,000 to 72,000 years ago (Cronin et al. 1981) . This marine barrier likely served to isolate Florida populations of spotted skunks, much like it has in other species, such as woodrats (Neotoma spp. -Hayes and Harrison 1992) . Secondary contact with the present-day Appalachian subspecies could have been made possible with the eventual recession of sea levels throughout the Holocene. However, few to no specimens are documented or contained within museum collections along this subspecies contact zone, therefore making it difficult to interpret the degree of introgression that occurs. Moreover, much remains unknown with respect to the timing of genetic divergences among all 3 subspecies, thus future studies addressing the phylogeographic patterns of the eastern spotted skunk are necessary.
Conservation implications.-Habitat fragmentation has been shown to reduce gene flow and genetic variability within impacted carnivore populations (Riley et al. 2006; Haag et al. 2010; Schwalm et al. 2014; McManus et al. 2015) and often leads to the implementation of conservation and management strategies for the affected species. Given the intensification of anthropogenic activities (i.e., oil and gas extraction and transportation, urban sprawl, agricultural modification of the landscape) throughout the central United States, an analysis of gene flow on a population-level scale within these altered landscapes would better inform conservation efforts, as current predictions regarding the response of plains spotted skunk populations to landscape changes remain speculative. The reduced genetic variability observed in this subspecies may not be an immediate cause for alarm, yet the dynamic nature of this skunk's habitat could contribute to further reductions.
Based on microsatellite and mitochondrial DNA sequences, the eastern spotted skunk displays strong patterns of genetic structuring and differentiation among subspecies, which are commensurate with previously reported morphological differences (Van Gelder 1959) . The presence of private alleles found in all 3 subspecies, the degree of differentiation among them, the lack of gene flow, and high individual membership coefficients indicate the need to consider each subspecies as a unique evolutionarily significant unit (Moritz 1994) . A similar suggestion was provided by Floyd et al. (2011) for the island spotted skunk, as they determined that populations occupying 2 separate Channel Islands, Santa Cruz Island and Santa Barbara Island, were just as differentiated from each other as they were from mainland western spotted skunk subspecies. Future management strategies for the eastern spotted skunk should therefore consider the genetic dissimilarities present among subspecies, as it is possible that these genetic differences reflect behavioral, physiological, or habitat differences, as well. literature cited
